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XX. On Certain Di.~culties which are Encountered in the 
Study of Thermodyz~amlcs. l:?y EDGAR BUCKINGtIAM "x'. 

T H E R E  are three main difficulties which one meets when 
~ h  " _ 1  trying to develop the theory of [[ ermodynamms logi- 

cally. Any one who has tried to get the subject ordered in 
his mind with the clearness and precision which are necessary 
if it is to be presented to students sufficiently advanced to be 
really critical, must have been impressed by the manner in 
which so many writers dodge these three difficulties, and will 
be glad that Professor 0rr, in his very interesting article in the 
October number of the Philosophical Magazine, has pointed 
them out so distinctly. These three points are : - - (1)  the 
definition of temperature; ('2) the definition of quantity of 
heat; and (3) the statement of the theorem of C]ausius for 
irreversible processes. The last of these is ostensibly the 
subject of Prof. Orr's paper; but he touches critically~on so 
many other points that his article should prove of great 
benefit, even to people who have reached a state of mind 
which satisfies themselves, at any rate, regarding the parti- 
cular subject of the inequality of Clausius. 

Aside from lhese three difficulties, the rest of " classical 
thermodynainics," as M. Duhem has named it, seems to be a 
fairly logical and satisfactory whole, but discussion on these 
points seems to n'_e useful. 

There are three things in Prof. Orr's article which stand 
out as of particular importance. 

(1) He says in substance, though with great moderation, 

that all proofs of the theorem that ] t ; td  <0,  when the in- 
. 2  

tegral is taken round an  irreversible cycle, are rubbish, if 
based on the two laws of thermodynamics as usually stated 
and on the usual definition of reversibility. 

(2) He proposes a way to avoid the difficulty by a modifi- 
cation of the wording of the second law, as stated by Lord 
Kelvin or by Clausius. 

(3) He makes a plea for the use, wherever it is practicable, 
of Carnot cycles, instead of entropy, free energy, or thermo- 
dynamic potentials, which are, mathematically at any rate, 
secondary ideas to the derivation of which the use of cycles 
is ~t necessary antecedent. 

As regards the first of these points, any logical physicist 
always finds these so-called proofs worthless, and he al~vays 
will so long as they rest on the bases mentioned. I say this 
with the fullest confidence and the most complete generality. 

* Communicated by the Author. 
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Certain Oi[fieulties in the Stuct2/ o) z Thermodynamics. 209 

There may have been hundreds of these " proofs" published, 
and I have probably not waded through more than a dozen 
or two at most~ but [ have reached the same state of mind 
that the French Academy reached about perpetual motion 
machines. They did not prove, and we cannot to-day prove, 
that no perpetual motion machine can ever be devised; 
but we have all stopped believing that it can, and we have 
taken the further stcp of concluding that there is a reason 
in the nature of things why it cannot be done. A man who 
reads thermodynamics only because he wants to follow the 
literature may not care much about the origin or the .justifi- 
cation of" a given theorem, if he finds it generally used and 
never with disastrous results. But the man who works up 
his thermodynamics for presentation in convincing form to a 
critical audience, has a different task ; and such a man, if he 
be honest with himself; necessarily reaches the same conclu- 
sion as Professor Orr, namely, that the inequality of Clausius 
for irreversible cycles not only has not been, but cannot be 
deduced from the accepted forms of the second law. 

The question at once arises: what are we to do about it ? 
Probably no one doubts either the nsethlness or the truth of 
the theorem, and no one, certainly, has ever found a case in 
which the correct application of it led to results which were 
contradicted by experlment--the final test. The theorem is 
correct for practical purposes and everyone knows that it is 
just as he knows that the principle of the conservation of 
energy is correct. What then ? The proposition is true: 
the proofs Of it are fallacious : shall we insist upon having a 
proof at all ? To my mind it is very doubtful whether there 
is any advantage to be gained by having the proof. 

At present, thermodynamics deals successfully and Iogically 
with states of equilibrium: it has advanced in a reasonably 
secure and satisfactory way over a field similar in extent to 
the statics of frietionless systems in pure dynamics. I t  has 
done this by means of reversible process.es~ first by using 
reversible (3arnot cycles and later by using entropy, free 
energy, and thermodynamic potentials in pert~ctly legitimate 
ways and by using reasoning which is logical and satist),ing 
when we have in view only reversible changes of state. The 
theory up to this point rests on the principle of the conser- 
vation of energy and on the second law as formulated by 
Lord 'Kelvin or by Clausius. 

Thermodynamics now takes, or attempts to take, another 
step forward. Leaving pure statics, it attempts to say that 
if eqniIibrium does not subsist, whatever change takes place 
in the state of the system under Consideration must tak(~ 

Phil. Mag. S. 6. Vol. 9. No. 50. Feb. 1905. P 
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210 Mr. E. Buckingham on Certain _Di~ieulties 

place in a certain direction and not in the opposite one~ 
And how does it take this step ? By leaving the solid groun d 
of reversibility and making use of a new theorem--the one 
under discussion. The new step leads to resulf~ which 
always turn out to be correct ; but it is disquieting ; we feel 
that we may be making a mistake ; we are not sure of ou:r 
ground, and why .9 Because we demand of' the original 
bases of ~ reversible thermodynamics" more substance than 
is in them. I t  is new substance that we must have, no matter 
how we get it. 

Professor e r r  suggests that we alter the wording of the  
second lasso; in other words, he proposes that we insert the 
substance of the new proposition into the old principles. T 9 
the mathema|icaI mind, the one that regards logic and nea~ 
ness of form as in themselves admirable, this would seem the 
best way out of our difficulty~ as it is certainly the neates L 
But does it really do us any good ? I t  does if we are merely 
trying to silence criticism, but is it the best way? I think 
nolb. 

The immediate object of theoretical physics is to arrange 
known facts under certain general principles using hypo- 
theses only when necessary, and making ~he general prin- 
ciples and the hypotheses as few, as simple, and as easily 
comprehensible in statement as possible. We are confl'onted 
with the question whether we shall make an addition to one 
of our generally accepted and familiar principles or set up a 
new principle. Theold princiFle Lord Kelvin's or Claus{u~' 
statement of the second law is well established and is 
familiar to everyone who is interested in thermodynamics. 
I t  has been used erroneously in the building up of fallacious 
proofs. Now it seems to me distinctly better, at the present 
time, not to change the old statements by adding a little i~o 
them, but to act in such a way as shall show clearly our 
appreciation of their inadequacy to the new needs ; in other 
words, to s e tup  a new" principle and state that it is new, and 
different from the old. Finally, of course, it is all one : the 
new substance has to be put in somewhere, and I aln q,uite 
agreed that in the end a single statement, even if it be a 
little less simple than the usual statement of' the second law, 
may be prefr to two separate statements. But [ flfink 
that at the present time we should do well to sacrifice o.ur 
fee~ing tbr neatness in the interest o~ tl~e advance o,f the 
knowledge and use of thermodynamics, an advance Which is 
impededby the present obscurity of Some of the:fundamental 
theorems o~ the subject. My'pr0p0sat is in i, he nature (ff 
putting the foundations of  thermodyi~amlcal reasoning intp 
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encountered in the Studj of Thermodynamics. 211 

words of one syllable, and I believe that at present that is a 
good thing to do. Less rudimentary statements of principles 
may come all in good time, just  as in time tIertz 's principles 
of mechanics may oust ~ewton's  laws from the position they 
still hold as the basis not only for teaching but, what is more 
important, for learning the principles of dynamics. 

I propose, then, that instead of inserting new substance 
into ~be statements of the second law, we leave the second 
law alone and put our substance into independent form' as a 
new hypothesis. I t  will be an hypothesis only in the general 
sense in which any induction is hypothetical; it is really a 
conclusion, even though an indirect one, from a great accu- 
mulated mass of experience, and it is based on evidence of 
the same nature as the second law or the principle of the 
conservation of energy, though the evidence is not so ex- 
tensive. The particular form we select for the new statement 
seems to me of small importance,--probably it would be best 
to start as early as possible and say that for all irreversible 

f d Q  
cycles ~--is  less than zero and not equal to zero. But 

this leads me to Professor Orr's last point, namely his plea for 
the use of cycles wherever they can be used, instead of 
dragging in entropy~ or still worse, free energy and thermo-- 
dynamic potentials. 

This may be looked at from various points of view. ~ In 
the first place, are we speaking of a journal article, of a text- 
book, or of a treatise ? The object of a journal Article is, in 
genera], to influence as many people as may be, and to that 
end many people must read it. I t  is unquestionable that 
many men will read thermodynamics put in the form of 
cycles who would not read it if entropy or free energy were 
used in the reasoning. So far~ then, as journal articles are  
concerned, I agree with Professor e r r  as to the undesirability 
of using the more modern forms of the theory when they a re  
not strictly necessary. 

:But suppose that we are considering how a text-book 
should be written. Let  us grant at once that in an elemen- 
tary book it is unwise to pile any further abstractions span 
Carnot's cycle; we do not~ therefore, admit the same prOpo- 
sition for a more advanced text-book. Thermodynamics 
seems to me to be a very difficult and abstract subject, and 
one only to be pursued with advantage by students who have 
already attained a collsiderable maturi ty of mind beside 
havitlg been familiar with mathematical modes of thinking 
for several years. To such students~ the mere mathemt~tiQal 
difficulties encountered in dealing with free energy or the 

P 2  

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
3:

23
 2

9 
Ju

ne
 2

01
6 



212 Mr. E. Buckingham on Certain Di~iculties 

thermodynamic potentials are of very little significance; it 
is only a question whether the idea8 are worth the trouble of 
mastering them. ~o~v one object of studying thermo- 
dynamics is to he able to follow the literature, and the cur- 
rent literature is written very largely by men who, wisely o1" 
unwisely, do use free energy or thermodynamic potentials, 
a usage which is characteristic of the modern developments 
of the subject. For this reason, if ibr this alone, I think 
that any text-book of thermodynamics which is not pro- 
fessedly very elementary, should certainly, after showing how 
problems may be treate~i by the use of cycles, also show how 
they may be treated by other methods, and should, by the 
juxtaposition of different proofs of the same proposition, try 
to impress upon the student the fact that, though the mathe- 
matical form be diftbrent~ the underlying idea is the same. 

The question how a treatise should be written is not so 
easily answered. We might turn to the treatises and coin- 
pare the good and the bad; but are there any treatises on 
thermodynamics? I do not know of a single book which 
today deserves the title of' "Treatise on Thermodynamics," 
and the very few men who seem competent to Write such a 
treatise show no intention of doing so. We must leave thc 
question of the proper method for a treatise to the ihture 
when the difficulties which now now beset us may haw, 
vanished. 

But if each kind of writing should assmne a form suitable 
to the objects it has in view, we may yet ask whether, in our 
private thinking about thermodynamics, each method may 
not have its advantages. For the treatment of problems of 
pure equilibrium, where we do not have to consider irre- 
versible processes, it seems to me merely a matter of personal 
taste and habit what method we rise. But when we come to 
the inevitable problems where we can no longer be content 
with the contemplation of states of equilibrium and nothing 
else, a treatment by cycles does not alw~,ys give us the clearegt 
view or the firmest grasp of the subject. 

Every actual process does have a definite direction, and we 
know experimentally, by the whole experience of our lives, 
that if anything ~hatever,~ happens in the physical world 
about us, the mere fact that i t  did happen in a certain way 
proves that it could not, under precisely the same conditions, 
have happened in the opposite way. There is something in 
the nature of things which determines that any actual change 
of state of a material system shall have a certain particular 
direction and not the opposite one. This statement is merely 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a,
 S

an
 D

ie
go

] 
at

 1
3:

23
 2

9 
Ju

ne
 2

01
6 



encountered in the Study of Tho'modgnamics. 213 

another form of the new fundamental substance which we 
have to put into our reversible thermodynamics to make it 
applicable to real processes. After grasping this fact, the 
mind trained in quantitative reasoning seeks instinctively ibi 
some quantity--some function of the generalized coordinates 
of the system--which characterises the instantaneous state 
of the system, so that it may be possible to think of the 
changes in state as characterised by the Changes in this 
quantity, which by its value expresses a certain property of 
the system. That is why we find men operating with en- 
tropy, free energy, and thermodynamic potentials; it is the 
desire to think of a change of state as measured by a single 
quantity without the complicated machinery of a cycle, with 
its four or more separate operations to he considered sepa- 
ratel.y. And though it must be granted that these quantities 
are defined only by reference to cyclic processes~ and though 
mathematicall); they are merely derived from something more 
elementary, they do, in spite of that, to the man who has 
once become familiar with them, present real advantages in 
simplicity, as I think must be admitted by any man who has 
constructed a model of the thermodynamic potential surface 
ibr the region of the triple point of ice, water, and steam, or 
tbr the critical point where the water-steam line comes to an 
end. 

One man will prefer to work with entropy, as Professor Planck 
seems to do ; another will use the free energy way of looking 
at things, as Pro!~ssor .Nernst does; still another will think 
altogether in terms of the thermodynamic potential, as 
M. Duhem does. For me, the potentialidea is the natural one; 
I think of a natural process as going on because the system 
involved in the process has not yet reached the bottom of a 
potential slope ; mid I think of a state of stable equilibrium 
as a state such that the system is, so to speak~ at the bottom 
of a hollow of potential so that it cannot change its state 
because to do so it would have to go up hill, which it cannot 
do of itself. But the particular form into which each man 
casts his ideas is of small moment. What I have tried to 
bring out is that beside regarding entropy, free energy, and 
thermodynamic potentials as mere mathematical fictions which 
complicate reasoning more simply performed by using only 
cyclic processes, they, and perhaps other similar functions, 
nmy have a real intrinsic value as aids to clear thinking, and 
may often be helpful in a wa~ which is quite beyond the 
powers of the cycle. 

[ believe that it is for the benefit of thermodynamics that 
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214 Prof. L. Kahlenberg on the 

people who have not yet surmounted all its difficulties nor 
ibr~otten the hard labour the went throu h in mastering 
t h :  rudiments of it, should ~Yseuss just sug~ as points ~re 
brought out so interestingly in the paper by Professor 0rr  
which was the stimulus for the foregoing remarks. 

Washington, D.C., U.S. Dept. of Ag~iculture, 
November 1, 1904. 

XXI.  Recent Investiqations bearing on the Theory of Electro- 
lytic ])issociatlon." By Louis KAItLE1,;BERG, Ph.JD.,Pro- 
j'essor of Physical Chemistry in the University of Wisconsin% 

I N creating the theory of electrolytic dissociation the phe- 
nomena of actual electrolysis have played a minor part. 

The changes of concentration of the electrolyte around the 
electrodes, the elevation of the temperature observed during 
the passage of the current, and the fact that when polariza- 
tion is prevented, electrolytes obey 0hm's law, were all 
explained many years before the existence of the theory of 
electrolytic dissociation. Indeed, the hypothesis of Clausius, 
which displaced the old Grotthus theory and brought concep- 
tions of electrolysis into harmony with thermodynamm re- 
quirements, is by many chemists and physicists still regarded 
as the best mechanical explanation of the electrolytic process, 
when all facts are fully considered. 

Briefly stated, the theory of electrolytic dissociation is 
based upon the observation that for a goodl)" number of' 
aqueous conducting solutions the so-called molecular conduc- 
tivity increases with the dilution ; that osmotic Tressure, 
lowering of the freezing-point, elevation of the boiling-point, 
or lowering of the vapour-tension of such solutions is abnor- 
mally great (i. e-, that it is greater than for non-conducting 
solutions, the behaviour of which it is asserted conforms to 
the requirements of the gas equation) ; and that the so-called 
degree of electrolytic dissociation may be calculated from 
the electrical conductivity of the solution or from its osmotic 
pressure, its boiling-point, freezing-point, or vapour-tension. 
Indeed, the dissociation hypothesis is vitally connected with 
van't ttoff's theory of solution. The latter claims that dilute 
solutions behave according to the equation PV=iRT,  in 
Which the factor i is unity for non-electrolytes. The analogy 
between a gas and a solution has been recognized so long 
that :it would be difficult to state when the idea originated ; 
but van't Hoff, by using Pfeffer's direct measurements of 

Communicated by the Fa.raday Society. Read before the Society, 
~ovember 23, 1904. 
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